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ABSTRACT 

This paper posits a cognitive model for understanding 
and learning physics that is an alternative to the formal deductive 
system. Recent findings of Fuller, Karplus, Lawson, and others are 
cited in arguing against using a formal deductive approach to 
teaching physics. The model demonstrates types of action-oriented 
knowledge structures as they actually exist and operate in a person, 
including practical knowledge, qualitative physical models, concrete 
mathematical models and written symbol manipulation. A major aspect 
of the theory is that the ability to link together structures from 
these different domains is crucial to understanding a topic in 
physics. Each of these structures is defined and examples of student 
learning are v^iven to support the theory. It is stated that some 
links are simple associations learned by rote while others are formed 
when one domain assimilates and interprets a structure from another 
domain. Finally, the paper provides a list of five pedagogical 
implications derived from this theory that provide a framework for 
discussing some interesting pedagogical problems. (CW) 
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SOME TYPES OF KNOWLEDGE USED iiM UNDERSTANDING PHYSICS » 



John J . Clement 
Department of Physics and Astronomy 
University of Mabsachusetts 

AT>ril, 107B 



There is a growing concern among researchers in the area of physics 
teaching that there has been an overemphasir, on teaching introductory- 
physics as a set of equations and principles, linked to^;ether in a formal, 
deductive system. Tt hnr. been nuwested that this approach may contri- 
bute to the problem or students learning physics by memorizing large numbers 
of formulas with little real understanding of the principles behind then. 

1 ui iULu. "PERMISSION TO REPRODUCE THIS 

This paper outlines an alternative to the formal deductive system as a M^rgftiAL has been granted BY 
model for the nature of undcrstandinR in physics. 

At Berkeley, Fuller, Karplur., and Lawr.on arRue inn recent article 
In PhvsicB Today that. m,iny coJ lor.e students do not possess the foiTial 
reaaoninK skills required to learn phy.ics directly in terms of a deductive 
system expressed in symbolic equations. Instead, students learn to 
manipulate formulas in a superficial manner using the less sophisticated 
forms of reasoning available to them. They argue for the development of 
introductory courses for this population of students, that "focus on the 
development of reasoninr. rather than the mastery of content." L.-rkin, 
also at Berkeley, compared the problem solving behavior rf novices and 
exports.^ She finds .iifferent problem solving styles ever Vnen both novice 
and expert are familinr with the onme .set of equations. She proposes the 
hypothesis that e> ^rl.r. have complex knowlodr.o structures, in addition to 
principles in the form of equntionr., that allow l.hem to apply relevant 
equations to a problem in a more orf.anized faohion. 

•Research reported in this paner wa« supported by NSF grant # SER 76-11.872 
and NSF frant H SIvD 77-19226. 
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In a report from tho LOGu group at M.I.T., diSessa writes: 

In the pa5?t, axiomritics or other formal systems have, 
principally by df^fault, served ar. model representations 
of knowledge fcr pedagogical purposes. But while such 
systems whicli stress Internal simplicity and ooh(M-enoo 
may serve useful roles for somf> purponen, t.hoy >irc not 
good modf;r for learninK- ... W.« mut-.t better take Into 
account ^n^■..itlve and other formally 1 11-fo.med know- 
ledge tha^ ntudent:: already po.'-.ses.'-. . 

Thus dlSessa also argues against u.ing a formal aiui deductive approach 
t teaching introductory physics. 

But if physics principles summarized in the- form of syml^olic equations 
do not by themselves constitute an effective understanding of physics, then 
the question, arises: "What constitutes a more valid cognitive model of 
what it means to undersu.nd a topic in physies?" Tf the equations are not 
the only thing one need, to know, then what are the other key ingredients 
for understanding? 

A Model for Understandint^ 

The diagram on the following page is an attempt to model the several 
types of knowledge needed for a person to understand a topic in physics.* 
The four large areas above the horizontal line represent four domains of 
internal knowledge structures in the person, while items below the line 
represent objects and events in the external world. Thus I want to model 
types of ».t.lnn-orientod Vnnwi.d.e structures as they actually exist and 
operate in a person; I do not want to assume, a priori , that these are 
equivalent to the body of knowledge statements-in tne form of expressions 
that can be written down on paper-that comprise a formal exposition of 
the discipline of physics. 

The characterisitics of each domain cnn be introduced by referring 
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to the situation described in tne following problem: 



The electrical o.nerry i^sed by a battery powered water 
heater varies accordinfr, to the fonniila: 

p 

At V 

where E = en^rpy usod 

At = time period of use 
V = volttige supplied 

R = resistance of the heater (assumed to be a 
constant for a given heating coil) 

The heating coiJ is chcinged, so that R is cut to l/3 of its 

original value. V and At are kept the same. What will 

be the size of the n^sultinp; effect on E? Or is this 

impossible to preciicl without, knowing the specific values 

of At, V, and R? Oivc a short rt^ason for your answer. 

If a person were dealing, with a real water heater, and had some know- 
ledge about how to recop;ni7.e one, turn it on, change the filament, etc., 
these would be examples of practical knowledf^e > ITiese manipulations could 
also be performed mentally in a thourfit experiment with an imagined water 
heater in the abnonc(* of a real one. 

An example of a knowled^ce structure in the qualitative physical 
models domain would bo a conception of electrons being "pushed" through the 
heating element and cau.'iin/'. the element to heat up by crashing into its 
molecules. One could repre5;ent and manipulate this model in the real world 
by using drawinr,!^ or diar.rnKis. These modoJs are often action-oriented and 
causa] — in them an* embedded antici f>atlofir> like: "If the electrons are 
punhod har(ier> they'll romr into l.hc clfMncnt ra:it(»r» they'll hit the 
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molecules harder, and more heat will be produced."^ 

At this point one can already begin to model what one means by 
one level of understanding . If "pushing the electrons harder" is connected 
mentally with a practical knowledKo structure for "how t.o turn the voltage 
up" on the real water heater, then one has a qualitative model for under- 
standing that practical aspect of the heatt^r. Notico that one might have 
this understandinp, without usin/r any quantitative conceptions. 

One crosses into the concrete mathematical models domain when using a 
conception like "the energy released is probably proportional to the push 
on the electrons; if T double the push, I'll double the energy released." 
This kind of mathematical model relating scaled variables via the concept 
of proportionality caw bo r(>pref;ontefl in terms of operations on sets of 
objects or operations on measured line se^'^nents » or in u graph. There f^re 
many species of ideallv.ed^ concrete, mnthomatical object:? used in mntho- 
mt^icaI models, such tvr> the lenr.th of a line segment representing the mag- 
nitude of a certain physical variable, or the cutting of an object of a 
certain size into a certain number of equal parts representing a division 
relationship between two variables. These conceptions can 'become activated 
to represent quantitative aspects of the way the water heater behaves. 

Finally, a knowledge of memorized equations and rulec of algebra and 
arithmetic resides in the symbol manipulations domain. An equation can 
itself be treated aj; an object capable of being transformed via the rules 
of algebra and related to other equations by knowledge structures in this 
domain. For example » the equations 

tnerry = — — and I'owor =' - 
could be combined al r.ebrai cal Ly to yield an expression for the power used 
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by the heater. Glvon tho two fonnulan this could be (and in courses 
apparently often Is) dono using symbol manipulation rules without making 
any connection to the other types of knowledge mentioned— without an 
appreciation for any underlying meaninr». 

As another example, consider tho solution one sophomore, Student A, 
gave for the water heater problem. He wrote: 

^ " R 

2 2 

r. tV 3tV 

if R 1/3 \U then E IT" 

E becomes bir./'.or i-inio:: three." 

One can account for Uiin i^tudent's behavior by assumin/; that the only 
knowledge structures participating in the solution are symbol n^anipula? ion 
structures. In contrast, another sophomore. Student B, said: "The energy 
would probably be more because if you're cutting down the resistance by 
1/3, the energy is goinr. to be able to flow in more freely — it'll go in 
faster — so you r.hould get 3 times the cnerg:,r." Those solutions are 
interesting because they indicate tho use of two entirely different types 
of knowledge to solve tho same problem. 

Student A uses a knowledge structure in the symbol manipulation domain. 
He knows that the equality can be conserved when a variable is changed in 
an equation by changing the other side of the equation in the same way. 
This method does not depend on the qualitative situaticn portrayed in the 
problem. 

Student B user hii; knowledge of a qualitative physical model for the 
situation. He imaglnoi? a reduction in the re:;istmice causing an increase 
in energy flow: "... the energy is goinr, to be able to flow in more 
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freely it'll go in faster ..." The second student's method does depend 

on the qiialitative situation portrayed. 

The symbol manipulation method ia useful (an^ highly efficient) if 
the student is vorking from a given formula or set of formulas, Howev.M-, 
the physical model is essential when one is attenpling tc^ construct a 
formula or to select an appropriate formula for a new i^ituation. l^iis 
suggests that someone who can bring both kinds of knowledge to bear on 
problems understands the subject more deeply than someone who uses either 
method alone. 

Student B first predicts that more energy will be used» then predicts 
that three times more energy will flow into the bulb. One can account 
for this behavior by annuminR Ulwit, he aJso usos a oonof-pliori of an inverse 
proportion in his mathematical models domain. Thu? he- is able to linK 
together structures from at least two domains in bringing them to bear on 
the problem. 

A major aspect of the theory being proposed here is that the ability 
to link together structures from these different domains is crucial to 
the understanaing of a topic in phyr.ics. Some of thes<? links are simply 
associations learned by rote — such as the association of a quantity in 
the mathematical moi^els domain wiU» a particular Icttor uscrd to symboliz.e 
it in the symbol manipulation domain. OUier, moro sir»nificant links are 
formed when a structure in one domain assimilates a structure in another 
domain and provides an interpretation for it. An example of such a link 
was given earlier » whore n qualitative pliysical model involving a con- 
ception of "pushing t)u^ oJoctrons harder" assimilated a practical knowledge 
structure for "how to turn the voltage up ou the heater." Tliese links are 
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what cause a model at one level to "make sense" as an interpretation of 

knowledge at another level. 

In terms of this model, then, "understanding energy use in the water 

heater" consists of a knowledge of symbol manipulations that can be per- 

2 

At V 

formed on the formula, E = — - — , connected to knowledge structures in 
the other three domains — concrete mathematical jrK-tdel;?, n qualitarWe 
physical mode], nsul practica] operationr. one could perform on a reiQ wiittM- 
heater. 

PedagOffical Implications 

This theory of understanding involving interacting knowledge domains 
is supported by a large number of observations made by the author while 
tutoring physic^ students. The theory is undoubtedly oversimplified, and 
many detailed onalyson of clinioa] Interviews need to be conducted in 
order to refine the theory and establish its validity. But it does provide n 
froinevork for discussing several interesting pedagogical problems; 

(1) To return to tho issue of whether tho formal exposition of physics 
content i» a sufficient model for what the physirr. i:tudQnt need;; 
to learn, one can see that formal expositions emphasize heavily the 
use of written formulas in the symbol manipulations domain- The 
danger here is that a student may get "stuck" in the iiy.'nbol mani- 
pulation mode — he may learn a certain set of equations, but not 
understand their meaningful interpretation in tne form of physical 
models, mathematical models, or practical actions. Making sure 
that these connections are made is a wc-rt>iwhile goal and a real 
podjLgogical challenge- 
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„ th, Unlv,r..ty of Washington, Qoorse «onK an. o»or. h.va baon 
aavalopm,, tna ^...anf. aMlity to ffin^ r-ata- batva.n .».aa 
o, ...crlWn„ P^siaal avanta: fro. an a,u.tio„ to . ««ph to a _ 
plota.. to daacrtPtlons of a .ituatlon In Ensli* 
Tnla appear, to l,a a promlalng approach to IncraaaJn,, 
ability to nal<a connactions hatvaan kno.ladea do,«ln=. 

„„a .otar.i„a whan a ro™ala .a appUcahla to a certain pract.- 
ait^tionv ^.c ahlUty to do thia is craciai for bains able to 
.pply one's kno.ledP.a of physics to probia„ in the real vor.d. .t 
.»,sastca hare that qualitative Phyaical .»deis can play a critical 
in providin, the connection batvean practical sitaation. and 
appropriate equations. 

one vay to incraaac the a„phasis on ™d.rst.„di„„ in a course is to 
.„.l,p the stadanfs ability to ans.er 'why ,aestio„s liV.e: 

to these questions often involve quali- 
heftter?" SatiolVing answers to these 4 

tative physical models, 

Knouledsa atructura. in the ..aalitativa physical models do»in csn 
be fornal (developed in the school setting) or int,..:tivs. Intuitive 
concaptiona students enter courses vith can be de-ply seated and 
difficult to ehnn,e. Mess a course puts e^hasls on dealing with 
the physical »dels don,.ln and talces Into account the studanfa 
intuitions there, the student may have great difficulty in 
attaching physical meaning to the equation he is learning. This 
presents another challenging direction for course improveoent. 
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concepts like acceleration, velocity and momentum woidd .ilso bo 
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knowledge by the fact that they focus on particular features of a 
system selected for purposes of analysis. 
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submitted by the Mathematics Department, University of Washington at 
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